A collision model has been developed for nonlinear dynamic finite element analysis on an LNG ship and a crushable ice using commercial code DYTRAN. In this modeling, a global LNG ship model has been employed as a deformable body which follows the elastic-plastic constitutive model, and an ice floe has been modeled as a crushable body including material failure. The deformation and failure of the ship structure and the ice as well as the contact force at the contact area between the ship and the ice have been determined from collision simulations. For most ship-ice interaction scenarios, the ice load applied to the ship can be considered as a quasi-static load. The loading capacity of LNG ship hull structure has been investigated applying static ice loads to a local model, which is a whole compartment of a cargo tank in the ship structure including five components such as the side shell plating, longitudinal stiffeners, stringers, web frames, and inner hull. For each ship and ice interaction scenario, loading cases at five varying locations in the local model have been investigated. Numerical results show that different loading location cases cause the structure failure at different components. FE results also indicate that large plastic deformation and buckling failure modes are found in different components of the hull structure. Finally, acceptance criteria and the complete procedure have been developed for the strength evaluation of hull structure in LNG carriers under ice loads.
INTRODUCTION
There is increased interest in shipping in icecovered waters such as the Arctic Ocean because of the desire to exploit the large deposits of oil and gas in these areas. It leads to many technical issues related to structural strength of LNG carriers subject to intensive ice loads [1] [2] . Thus, there is an interest in investigating the structural integrity of hull structure in large LNG carriers subject to ice loads. So far, all understanding of ship behavior in ice is based on having an insight into how the ship hull breaks ice and how the broken ice floes act on the ship hull. However, there has been no experience of large LNG carriers in operation in Arctic waters. It is essential to describe in adequate detail the ship and ice interaction and the ship performance in ice. Consequently, the complete procedure for evaluating the structural integrity of hull structure in LNG carriers needs to be developed under ice loads.
Major issues concerning the structural integrity of LNG carriers under ice loads are the ice load determination and the strength evaluation of hull structure in LNG ships. Some ice load models have been developed based on the energy theory [3] , but a more accurate ice load model still needs to be developed for the ship and ice interaction. Currently, the vessels traveling in the Northern Baltic are required to be in agreement with the Finnish-Swedish Ice Class Rules [4] , abbreviated as FSICR hereafter. The majority of new ice-strengthened tankers are built to the FSICR. The FSICR have been widely adopted by all major classification societies such as ABS [5] . Recently, ABS has been developing a direct calculation procedure to determine a rational side shell thickness under ice loads [6] . The emphasis is placed on achieving a more balanced design of the entire side structure. An overview of this design procedure has been given for the side structure of ice-strengthened tanker, highlighting the procedure that is incorporated into the ABS Guidance Notes on Ice Class [7] . However, the complete procedure for evaluating the structural integrity of LNG ship hull structure under ice loads is still not available.
In this study, nonlinear dynamic FE analysis has been conducted to simulate the ship and ice collision using a commercial code DYTRAN [8] . Nonlinear static FE analysis and post buckling FE analysis have also been performed on the local model with a hull structure under static patch loads. The ultimate strength of the hull structure in an example LNG carrier has been evaluated in terms of numerical results and material properties. Acceptance criteria and the analysis procedure for the strength evaluation of hull structure in LNG carriers have been developed. Fig. 1 gives the overview of the strength evaluation procedure for the hull structure in LNG ships.
SHIP-ICE INTERACTION SCENARIOS
An LNG ship may encounter different types of ice, which depends on operation routes. There are many current and potential LNG shipping routes through icecovered waters. These link the gas reserves in Russia and in the Canadian Arctic with markets in Europe, Asia, and North America. Fig. 2 provides an overview of the possible routes for transporting LNG from the Russian Arctic. They comprise three Arctic routes, two sub-Arctic routes, and one Baltic route, each of which will encounter various types of ice.
If an ice type is present, various types of encounter scenario are possible. They can be divided into an unavoidable consequence of the intended operational profile and avoidable accidents that should be preventable for properly equipped vessels with reasonably capable crew. For example, ramming a large iceberg at any speed can be considered an avoidable accident for any size or ice class of ship. Icebergs are often relatively easy to detect at a distance that permits the ship to change course; at other times their presence in an area can be predicted, allowing operators to select safe speeds if weather conditions reduce sensor range.
Most types of ship and ice interaction scenarios are only possible for certain hull structure areas in ships. For example, bow, shoulder, and midbody areas may directly impact the ice. In general, ice loads are very localized, being applied to the hull structure, and can be idealized as static patch loads in numerical simulations. In the design of ice loads applied to plate panels, it is common practice to represent the ice load as a patch of uniform pressure. The dimensions of the patch depend on the dimensions of the panels. For better understanding the ship and ice interaction mechanism, it is still necessary to simulate the collision between the ship and the ice. This study will focus on two loading scenarios. One is the glancing collision in the bow or shoulder areas, which is simulated using the dynamic FE method. Another one is the glancing impact in the midbody area, which is simulated using the static FE method. As examples, ship and ice collision simulations will be conducted at the bow area in the ship using the global ship model, and static simulations for the side structure subjected to ice loads will be carried out at the midbody area using the local model. 
GLOBAL AND LOCAL FE MODELS

Global Model for Collision Analysis
In this study, an ice-strengthened LNG ship including four tanks is used as an example vessel. Due to the computation capacity and the huge difference in the mass between the ship and the ice, only half ship is taken as a three-dimensional global model for collision simulations, shown in Fig. 3 . The elastic-perfectlyplastic constitutive model is employed in hull structure. The ice is modeled as a crushable body with a material failure criterion, which is 20m × 20m × 2m. It is recognized that this representation of the ice is highly simplified. However, it is sufficient for the present purpose. The element for the ice in which the failure criterion is satisfied will lose its stiffness. Explicit dynamic FE analysis allows the ship to move in the space freely without any constraints. The ice is constrained along two edges, which are far away from the contact area. The contact option using the adaptive master surface and slave nodes has been selected to simulate the interaction and separation between the ship and the ice. The collision scenario is defined by the initial velocity of the ship and the relative position between the ship and the ice. Different initial velocities are considered, which may cause different levels of damage in the ship structure after a collision with an ice. In the FE model, shell elements are used for the hull structure, beam elements are used for stiffeners, and solid elements are used for the ice. FE mesh in both hull structure and ice should be fine enough for ensuring computational convergence and producing failure modes, especially near the contact area. The time step increment is related to the length of the smallest element and the wave speed in dynamic analysis. Large deformation theory and nonlinear material properties have been used in numerical simulations.
Local Model for Static Analysis
To evaluate the strength (or loading capacity) of the hull structure in LNG carriers, it is essential to carry out structural analysis under ice loads using numerical simulations. In case of static ice loads, a local model instead of a global model can be used in nonlinear static FE analysis. In fact, as long as the local model is big enough around the area of interest, there is no benefit in modeling a greater area of the vessel structure. Different local FE models may be required for all corresponding ship and ice interaction scenarios. It depends on the location in the ship where the ice load is applied such as bow, shoulder, midbody, etc. In the FE model, fine mesh might be required around the patch load area and the boundary conditions of the local model need to be considered appropriately. To evaluate the strength of all components such as side shell plating, stringer, web, longitudinal stiffener, and inner hull in the side structure, five loading location cases are considered for each ship-ice interaction scenario in the FE modeling. It should be noted that the excessive deformation in the inner hull would cause the damage of the cargo containment system (CCS), which is attached to the inner hull.
A three-dimensional local model is to be employed as being representative of the mechanical behavior of the hull structure subject to ice loads. The whole portion of the side structure within a compartment is taken as a local model, shown in Fig. 4. i) Longitudinal direction. The structural model is between two neighboring transverse bulkheads.
ii) Vertical extent. The structural model is between upper and lower hoppers.
iii) Transverse direction. The structural model includes side shell plating and inner skin.
Structures to be modeled include: side shell plating and side longitudinal frames; web frames; stringers; inner skin plating and attached longitudinal frames. In general, shell elements are used for the hull structure, and beam elements are used for stiffeners. However, longitudinal stiffeners attached to the side shell plating near the ice belt are modeled using shell elements to investigate the mechanical behavior of longitudinal stiffeners. Fig. 4 gives the local model including side shell plating and its longitudinal stiffeners, two stringers, 13 web frames, and inner hull, which is taken from the midbody area in an LNG ship.
In this 3D local FE model, the side shell plate, webs, stringers, and the inner skin are modeled using shell elements. Longitudinal stiffeners around the ice belt area in the side shell are also modeled using shell elements. All other longitudinal stiffeners in the side shell, inner skin, and stringers are modeling using beam elements. The FE mesh must be fine enough around the load patch area in side shell in order to obtain convergent FE solutions for the hull structure. In order to assess the strength of all components in the side structure, five critical loading location cases must be considered for each ship-ice interaction scenario. Different loading locations in the local model where the patch load applies should be appropriately selected for side shell plating, stringer, web frame, longitudinal stiffener, and inner hull, respectively. Following five loading location cases, shown in Fig. 6 , will cause the structure failure in different components in the hull structure. 1) Case 1: To evaluate the strength of side shell plating, the ice load is to be applied to the critical location in the side structure causing the largest deformation of side shell plating. The patch load is uniformly applied to the plate without supporting except for some to longitudinal stiffeners; 2) Case 2: To evaluate the strength of longitudinal stiffeners, the ice load is to be applied to the critical location in the side structure causing the largest deformation of the longitudinal stiffener. The patch load is symmetrically applied to the longitudinal stiffener; 3) Case 3: To evaluate the strength of webs, the ice load is to be applied to the critical location in the side structure causing the largest deformation of the web. The patch load is symmetrically applied to the web; 4) Case 4: To evaluate the strength of stringer, the ice load is to be applied to the critical location in the side structure causing the largest deformation of the stringer. The patch load is symmetrically applied to the stringer. 5) Case 5: To evaluate the deformation of the inner hull causing CCS failure, the ice load is to be applied to the critical location in the side structure causing the largest deformation of the inner hull. The patch load is symmetrically applied to the stringer and web.
NONLINEAR STATIC FE ANALYSIS PROCEDURES
For each ship and ice interaction scenario, nonlinear static FE analyses under five critical loading location cases are to be conducted on the local model for the hull structure using commercial codes such as NASTRAN. In the FE analysis, the load is to be applied incrementally until the solution converges to the applied load. The load increment must be fine enough to assure the accuracy of the prediction. In some loading cases, local buckling occurs in the hull structure. Thus, it is necessary to conduct linear eigenvalue analysis and then nonlinear post-buckling analysis. Thus, the ultimate strength (or the loading capacity) of the side structure will be determined from FE results. In the FE model, the mesh must be fine enough to assure the solution convergence. Output variables such as stress, strain and displacement components are requested.
In structural analysis procedures, the following steps are to be executed:
Step 1: The local FE model is to be constructed, including material properties under the design ice load.
Step 2: Loading and unloading cases are to be employed and nonlinear static FE analysis is to be conducted on the local model.
Step 3: Based on the FE results, load vs. deflection curves at the center of the patch load area in the side shell plating will be plotted to evaluate the ultimate strength of hull structure based on acceptance criteria.
Step 4: Based on the FE results, load vs. deflection curves at the location where maximum deflection occurs in side shell plating, longitudinal stiffeners, web frame, and stringer will be plotted to evaluate the ultimate strength of hull structure based on acceptance criteria.
Step 5: Based on the FE results from five loading cases, the critical loading case and the critical location, in which the maximum deformation occurs, in the inner hull will be determined to evaluate the permissible deformation of the inner hull based on the acceptance criterion.
Step 6: In some loading cases, local buckling may take place causing the interruption of FE calculation. Postbuckling analysis is required for nonlinear FE analysis. In this case, eigenvalue analysis needs to be done to determine the buckling mode and critical elastic buckling load. Then, an initial imperfection based on eigenvalue analysis results could be introduced for postbuckling analysis using the Riks approach to determine the ultimate strength of the side structure. Alternatively, the direct nonlinear static FE analysis using the Riks approach can also be conducted to determine the ultimate strength of the side structure.
Step 7: Based on all analysis in step 3 through step 6, the minimum load will be taken as the ultimate strength (or loading capacity) of hull structure.
RESULTS AND DISCUSSION
Collision Analysis Results
In this simulation, the LNG ship at the initial velocity of 1.5 m/s strikes a piece of ice with a cuboid. The hull structure is modeled as an elastic-perfectlyplastic material. The ice is modeled as a crushable foam material. The pressure-volumetric strain curve is employed in the constitutive model and a failure pressure cutoff is specified as well. If the pressure falls below the failure pressure, the element fails and cannot carry tensile loading for the remainder of the analysis. It can still carry compressive loading. Fig. 7 shows the FE results with the ship structure damaged by the ice impact. After the ice impact, there is an indent at the bow area in the hull structure (see Fig.  7(b) ), which is a typical damage in the ship structure in practice. Fig. 8 shows the deformation and crush in the ice at the early stage of the collision between ice and ship. The simulation indentation is in the form of triangle geometry (see Fig. 8(a) ), which is used to determine ice loads in the Polar Rules (see Fig. 8(b) ). In the collision simulation, the contact forces can be obtained at the contact area in the side shell plating. Due to the ice crush and the deformation of the hull structure during the collision between the ship and the ice, the contact area keeps increasing and ice impact loads with the time increase are captured from FE results, shown in Fig. 9 . The damage behavior of the ice in the collision process is shown in Fig. 10 (a) . This figure shows that the ice would be fractured along elliptical edges after a certain stage. This is a typical failure mode for the ice flexure in the ship-ice collision such as that shown in Fig. 10 (b) . 
Static Structure Analysis Results
Under five loading location cases shown in Fig. 6 , nonlinear static FE analyses were carried out on the local model following the procedures stated in the above section. The elastic-perfectly-plastic constitutive model is used for hull structure. FE results indicate that the failure would occur in different structure components as the loading location is different. For example, in Fig. 11 , the maximum deflection takes place in the shell plate as the load is stuck to the shell plate (case 1). Buckling takes place in the web frame as the load is stuck to the web frame (case 3). Large plastic deformation happens in shell plate and longitudinal stiffener in cases 1 and 2, respectively. Local buckling happens in web frame and stringer in cases 3 and 4, respectively. In case 4, the computation was aborted in the middle due to the large deformation from local buckling in the stringer. In case 5, large deformation happens in inner hull causing containment system damage. In case of local buckling in web frame and stringer, eigenvalue analysis and post-buckling analysis are required to determine the ultimate strength of structure. 6 ). For elastic-perfectly-plastic material properties, the structure behaves like the material hardening phenomenon. After yielding, the structure still can carry over the load until final collapse. The ultimate strength of the structure is defined as the load corresponding to 3Δ y , where Δ y is the deflection as the yielding starts. For example, the ultimate load of the structure under loading case 3 is 2.6 MPa. FE results also show that the loading case 5 causes the largest deformation of the inner hull in the side structure, which may lead to the damage of the attached cargo containment system. The critical location where the maximum deformation occurs is also found in the inner hull. Due to the compressive loading in some components in the side structure, it is necessary to consider the buckling issue in structural analysis of the hull structure. In linear elastic buckling analysis, eigenvalues can be determined from FE simulations. Thus, the critical buckling load will be determined for the side structure in the elastic regime. However, as the ship is subjected to the ice load, elastic-plastic property should be considered for the structure capacity and the ultimate strength will be determined from nonlinear post-buckling analysis. Generally, there are two ways to perform post-buckling analysis. One is the direct nonlinear static analysis using the Riks approach to deal with the softening issue in the structure. Another one is to introduce the initial imperfection which is based on the results from the eigenvalue analysis, for nonlinear static analysis using the Riks approach. Fig. 13 shows that buckling occurs in the stringer under the loading case 4. Fig. 14 gives pressure vs. deflection curves in the side shell plating from nonlinear static analysis, nonlinear static analysis using the Riks approach, and post-buckling analysis using the Riks approach introducing the initial imperfection, respectively. This figure shows that the computation is aborted in the middle after local buckling occurs in nonlinear static FE analysis. Both results from direct nonlinear static analysis using the Riks approach and post-buckling analysis using the Riks approach introducing the initial imperfection are very consistent in this example. The ultimate strength can be determined as 2.0 MPa base on the curves in Fig. 14 . The strength of an LNG carrier under ice loads can be characterized as the maximum load in the ship structure that the structure can sustain before it fails. The material property testing has been carried out for evaluating the strength of each component in the LNG carrier. Failure modes in the hull structure in the LNG carrier under ice loads are categorized as large plastic deformation, local buckling, and large deformation in the inner hull causing the containment system failure. The hull structure consists of side shell plating, longitudinal stiffeners, web frames, stringers, and inner hull. Large plastic deformation usually takes place in the side shell plating, longitudinal stiffeners, web frames, and stringers. Local buckling usually takes place in web frames and stringers. Large deformation in the inner hull will cause the containment system failure. The procedures evaluating the strength of the hull structure in LNG carriers consist of large plastic deformation assessment, local buckling assessment, and large deformation assessment.
For the side shell plating, longitudinal stiffeners, web frames, and stringers, the pressure vs. deflection curve is used to evaluate the ultimate strength of the hull structure. As the deflection is equal to 3Δ y , the corresponding load will be defined as the ultimate strength. Δ y is the deflection in which the yield starts. For web frames and stringers, the maximum load is used to evaluate the strength of the structure compared with the ultimate strength of the structure from postbuckling analysis. For the inner hull, the maximum deformation is used to evaluate the strength of the hull structure compared with the allowable value, which is 4.6 mm [10] .
CONCLUSIONS
Ship and ice interaction scenarios have been identified in possible operation routes, and critical ice loading cases have also been specified. To simulate the ship and ice collision, nonlinear dynamic FE analysis has been conducted using elastic-plastic model for ship and crushable foam model for ice in DYTRAN. The large plastic deformation in the ship structure and the contact force at the contact area have been determined as the ship hits the ice at a certain operation speed. FE results show typical failures for the ship structure and the ice in the collision process. Under static patch loads, a local model from the mid-body of an LNG ship, which includes five components such as side shell plating, longitudinal stiffeners, stringers, web frames, and inner hull, has been developed for nonlinear static FE analysis. For each scenario, five loading location cases in the local FE model have been investigated and FE results show that they may cause the structure failure at different components. FE results indicate that the large plastic deformation and the local buckling are two major failure modes for the ship structure under ice loads. In terms of FE results, the loading capacity of hull structure in the LNG ship has been evaluated based on assessment criteria. Finally, the complete analysis procedure have been developed for the strength evaluation of the hull structure in LNG carriers under ice loads.
